Wastewater samples collected from ten wastewater facilities across the US were analyzed to determine the occurrence of indigenous Cryptosporidium oocysts using methods based on modifications of USEPA Method 1622. Wastewater facilities participating in this study ranged in size from 0.6 to 193 mgd average daily flow. A total of 289 wastewater samples were analyzed over a 15-month period. ColorSeed is a commercial product containing gamma-irradiated Cryptosporidium oocysts that have been permanently stained with a Texas Red dye. ColorSeed was used as an internal control with each sample to assess method performance. In 500 ml sample volumes, mean ColorSeed recoveries in raw influents and primary effluents were 26.1^17.7% and 33.0^17.9%, respectively. In 10 liter volumes of secondary effluent, mean
dogs, cats), kangaroos, birds, reptiles, and fish, although not all species are infectious to humans. As such, there are many routes for this parasite to enter the environment including natural runoff (non-point sources), runoff from agriculture, effluents from industries such as meat processors, wastewater effluents, and combined sanitary and combined sewer overflows.
Following treatment, wastewater effluents are discharged in receiving waters, and these waters in turn may be used as sources of water for human consumption after treatment, or for agricultural or recreational purposes. The objectives of the study were 1) to collect and analyze wastewater samples from ten plants in the US to determine occurrence of Cryptosporidium oocysts in various matrices from raw influent to tertiary effluent using methods designed specifically for recovery of oocysts from wastewater matrices, and 2) to assess oocyst removal through the treatment process.
Description of wastewater treatment facilities
Ten plants in six states were included in the survey. Each plant is described briefly.
Alabama
None of the three Alabama (AL) plants uses chemicals, such as polymers, alum, or caustic for enhanced coagulation, phosphorus removal or pH adjustment. AL Plant #1
operates at 16 to 18 million gallons per day (mgd) with a peak design flow of 35 mgd. The wastewater influent is comprised of domestic waste (70%) and industrial waste (30% bakery and chicken/cattle slaughter houses). Influent wastewater is pretreated using screening and grit removal and then enters the primary clarifiers. The primary weir effluent flows to the secondary clarifiers where more settling occurs for particle removal (aeration, 6 hr detention). The 
California
The CA plant receives 95% domestic and 5% light industrial wastewater with an average daily flow of 17 mgd and a peak daily flow of 30 mgd. This fully combined sewer system may reach peak flows of 65 mgd during the wet weather season.
During this time 43 mgd receives secondary treatment and the remainder only primary. The primary effluent is blended with the discharge effluent providing the flow is # 65 mgd. If the flow exceeds 65 mgd, decanted effluent from the outfall is discharged with the plant effluent. Ferric chloride is added to prior to aeration to provide nutrients for the microbial population. Sludge received from a drinking water plant contains high levels of ferric chloride that depletes the available phosphorus in the wastewater. The secondary effluent is chlorinated before pumping the discharge to a river. PA Plant #2 is a conventional secondary treatment facility receiving primarily domestic waste. The average daily flow is 93 mgd with a design flow of 292 mgd.
Phosphorus is added to the wastewater stream prior to aeration to provide nutrients for the microbial population.
Sludge received from a drinking water plant contains high levels of ferric chloride that depletes the available phosphorus in the wastewater. The secondary effluent is chlorinated before discharging into a river. PA Plant #3 receives primarily domestic waste with about 10% being industrial. This plant uses high purity oxygen in the primary clarifiers to maximize the oxidation rate of iron and manganese in the wastewater. The average daily flow is 193 mgd with a peak daily flow of 451 mgd. The secondary effluent is chlorinated and then discharged to a river.
Vermont
The Vermont (VT) advanced aeration plant has an average flow of 0.6 mgd with a peak flow design of 1.25 mgd.
Wastewater influent is comprised of domestic waste (90%), and effluent from a microbrewery. The raw influent travels directly to the aeration tanks after grit removal. The aeration tank outfall is treated with alum, which is applied at a dose of 5 mg/l for phosphorus removal and then flows on to the secondary clarifiers. The clarifier effluent (secondary effluent) is passed through a cloth filter (10 -20 mm) and passes by two banks of UV lights before exiting the plant.
METHODS

Collection of wastewater samples
Sample instructions, data sampling sheets, sample bottles, filters, ColorSeed, 0.05% Tween 80 and coolers with ice packs were sent to utility personnel. One utility did not have the equipment or resources to filter their secondary effluent samples and collected grab samples in cubitainers and shipped them on ice to the laboratory. Raw influent and primary effluent samples were collected as 1 liter samples.
Samples from all facilities were grab samples with the exception of those collected at the PA plants, which were 24 h composites. Pall EnvirochekY HV filters (Pall Corp.
Ann Arbor, MI, product no. 12099) were used to capture and retain oocysts in secondary and tertiary effluents. The capsule was filled in the laboratory with deionized water (DI) and the contents of one vial of ColorSeed was transferred to the HV filter through the inlet port using the procedure prescribed by the manufacturer. The capsule filter was then connected to the sampling apparatus. One end of the inlet line was submerged in the secondary or tertiary effluent waste stream and the other end was connected to the inlet of the filter. The inlet of the capsule filter was elevated to avoid draining the contents out of the inlet during sample collection. The filter outlet was connected directly to a centrifugal pump equipped with a flow restrictor and flow totalizer. Corning, NY part no. 430776), the pellet volume recorded and the supernatant aspirated to approximately 5 to 8 ml. C.
parvum oocysts in the concentrates were isolated using Dynal's anti-Cryptosporidium IMS kit as described below and recovered organisms were enumerated using epifluorescence microscopy.
Analysis of secondary and tertiary effluents using HV trates were isolated using the Dynal anti-Cryptosporidium IMS kit as described below and recovered organisms were enumerated using epifluorescence microscopy. For all samples, the bead-oocyst complex was resuspended in 1 ml of 1X SLY-buffer A and transferred to an individual 1.5 ml Eppendorf tube. Another volume of 1 X SL-A buffer (500 ml) was added to the LT tube to remove residual debris and was then added to its respective 1.5 ml Eppendorf tube. 
IMS procedure
Sample turbidity measurements
For secondary and tertiary effluents filtered in the field, field personnel provided turbidity values. The turbidity of each sample matrix was measured prior to processing for turbidity measurements performed in the laboratory.
A HACH 2100P turbidimeter was used to determine turbidities measured in the laboratory. This turbidimeter is capable of measuring turbidity levels between 0 and 1,000 ntu. If necessary, sub-samples of the original matrix were diluted in DI to enable turbidity measurements. The appropriate dilution factor was used to determine the turbidity of the original sample. After compiling the occurrence data, the second objec- However, when comparing the log removal from the primary effluent to the final effluent an increase was noted only twice.
RESULTS
Oocyst concentrations from samples collected March 2003
showed an increase when the log removal was calculated using the raw influent and final effluent. However, when the primary effluent was used to determine oocyst removal, there was a 1.5 log reduction in oocyst concentrations. At the Colorado facility ( Figure 5 ) log removals were poor when using the raw influent data to calculate removals; however, when using the primary effluent data oocyst removals improved with three datasets to at least 1.0 log and in one case to 2.1 log. At the North Carolina facility ( Figure 6 ) oocyst log removals were poor with an increase in oocyst concentrations from the secondary to tertiary effluent noted once.
Data from the Pennsylvania plants (Figures 7, 8 and 9) showed minimal removals. (SCA) methods (Enriquez et al. 1995; Medema et al. 1998; Jolis et al. 1999; Carraro et al. 2000) , calcium carbonate flocculation followed by cold sucrose flotation (Payment et al. 2001) , and coarse filtration of small volumes (50 -2,000 ml) through muslin followed by centrifugation and purification using various density gradients and purification solutions (Bukhari et al. 1997; Robertson et al. 2000) . Jolis et al. (1999) detected no oocysts in reclaimed water using the ICR method. While recovery efficiencies of the ICR method were not assessed by the Jolis et al. study (1999), Clancy et al. (1994) reported poor recoveries of both
Cryptosporidium oocysts and Giardia cysts, generally less than 10%, when using this method in source waters. when small volumes were subjected to centrifugation followed by direct staining of the pellet material. The mean recovery rates fell to less than 35% when the pellet was subjected to additional manipulations to isolate the oocysts from the contaminating debris. Similar reductions in mean oocyst recoveries were noted when these isolation/ purification techniques were used to recover oocysts from wastewater effluents. The mean oocyst recovery rate fell from 89^10% (n ¼ 8) using direct examination of the concentrate to less than 45% using the three isolation techniques evaluated. After recoveries were assessed, the researchers evaluated the oocyst concentrations at six wastewater treatment facilities in Scotland over a three year period using each concentration/isolation technique. the contributing community, the severity of disease among the infected individuals, and the size of the community. In a study by Madore et al. (1987) , it was noted that agricultural discharges contributed the highest numbers of oocysts into raw wastewater (up to 13,700 oocysts per liter). In another UK study, slaughterhouse effluents were determined to be capable of releasing up to 149,100 oocysts per liter (Parker 1993) . Because effluents from either cattle markets or abattoirs have the potential to release large numbers of oocysts into raw wastewater, the numbers of oocysts present in raw wastewater are also likely to be influenced by contributions from such sources.
Variations in reported oocyst concentrations may also be due to the methodologies used to isolate and detect them. In most occurrence surveys the concentrates were subjected to isolation and/or purification techniques that are not specific to Cryptosporidium. Density gradient flotation procedures can isolate other biological particles that mask the target organisms during the detection phase of the assay or cross-react with the monoclonal antibodies used to tag Cryptosporidium oocysts. Significant numbers of oocysts have been shown to be lost in density gradient centrifugation (Fricker 1995) . In addition, it has been reported that some isolation procedures selectively isolate viable oocysts (Bukhari & Smith 1995) . McCuin et al. (2001) reported that the IMS procedure does not differentiate viable from nonviable oocysts and can recover both at similar rates. In addition, IMS specifically isolates Cryptosporidium from interfering debris thereby reducing the number of cross reactors present, and with the inclusion of the DAPI stain that targets the sporozoite nucleic DNA, detection of oocysts in environmental matrices is improved.
Another reason for the variable oocyst recoveries may be due to the inconsistency in the wastewater matrices, especially raw influents and primary effluents, due to high particle levels, fecal fats, oil and grease, and unknown Another problem with the early methods was the analysis of subsamples, where counts in small analyzed volumes were extrapolated to the total volume sampled.
Analysis of sub-samples with extrapolation to much larger sampled total volumes (e.g., 100 liters) has been shown to lead to large errors in determination of true pathogen density (Parkhurst & Stein 1998; Atherholt & Korn 1999) .
This aspect of the early analytical methodology resulted in data that fell generally into two broad categories -either non-detects or very high reported levels based on low analyzed sample volume. For example, with the ICR method, although a 100 liter sample was collected and processed, it was common that a portion equivalent to , 2.5 liter was actually examined microscopically due to method limitations. If one oocyst was observed, then the reported value was 40 oocysts per 100 liter, assuming incorrectly that oocysts are evenly distributed in a sample.
The non-detect data are equally absurd. Using the same example, if no oocysts were detected in the 2.5 liters equivalent volume, the count was reported as ,40
oocysts per 100 liters. This means the count could be 39 or 0 or any number in between. These methods were so poor that actual count data as well as non-detect data are unreliable (Allen et al. 2000) . A combination of these method errors has contributed to the lack of data reliability in the earlier work.
In this study we had the opportunity to utilize IMS to recover oocysts from the wastewater matrices. The IMS technique offers selective isolation resulting in reduced levels of interfering debris. Incorporating an additional wash of the captured bead-oocyst complex prior to disassociation also reduces these interferences. While some non-target organisms may be captured with IMS, the use of the additional fluorogenic stain, DAPI, aids in the identification of recovered oocysts. Incorporating ColorSeed in the analysis of every sample offers additional quality assurance/quality control, adding validity to the performance of the method in a given sample. In addition, poor
ColorSeed recoveries may indicate the presence of matrix interferences, which may impact the performance of the IMS protocol to recover indigenous oocysts. In all cases, the volume analyzed was the volume used when reporting oocysts recovered. In the figures, the raw and primary effluent data were doubled (presented as per liter rather than per 500 ml) and the secondary and tertiary effluents were standardized and reported per liter, so that direct comparisons could be made using a standard volume.
CONCLUSIONS
This occurrence survey utilized the most current tools available to recover C. parvum oocysts from wastewater.
These methods present us with an opportunity to provide QA/QC data on every sample analyzed while offering the most selective oocyst isolation procedure available. These data show that oocysts are present in wastewater matrices at low levels and more importantly are present in effluents being discharged from the plant. The questions that remains to be answered: are these oocysts viable and more importantly, able to cause infection. To determine if oocysts found in wastewater samples present a public health risk, it is necessary to know if they are infectious. The assay used in this survey to detect oocysts is a microscopic assay where both live and dead oocysts are detected, and appear similar morphologically in most instances. There is no way to know if the oocysts observed present a potential public health threat; the current methodology is limited in this aspect and in order to make a risk determination, additional testing to determine infectivity of recovered oocysts is needed.
However, the methods to make these infectivity determinations are primarily research tools, with much work needed to develop a reliable, validated method.
